Abstract Objective: To evaluate the role of color Doppler sonography in comparison with CXR and CT imaging in diagnosis of pneumonia in adults. Patients and methods: Thirty-one patients with clinical suspicion of pneumonia were assessed by chest radiography, CT and sonography. Quantitative and qualitative sonographic examination of lesions was performed using color Doppler imaging. The correlation between color Doppler and CT findings was determined. Results: Lung ultrasound showed high sensitivity (100%), specificity (93.8%) and diagnostic accuracy 96.8% in diagnosis of pneumonia. It detected air bronchogram in all cases, simple effusion in 18 cases and effusion with internal echoes in 8 cases. It was almost agreement with CT findings (K = 0.93). The sensitivity of chest X-ray was low (60%). It was moderate agreement with CT findings (K = 0.608). A significant changes were seen in flow pattern in comparison with severity of necrosis by CT (P value = 0.038). Majority of our cases reflected pulmonary arterial flow pattern that was found in 21 cases. Conclusion: Lung ultrasound with color Doppler imaging is highly accurate and valid alternatively in diagnosis of pneumonia. By qualitative and quantitative impedance measurement, pulmonary and bronchial arteries can be differentiated. The flow pattern of pulmonary arteries was an indicative of good outcome.
Introduction
Pneumonia is a major healthcare and economic problem with considerable effect on morbidity and mortality worldwide (1).
The incidence of community acquired pneumonia has remained constant over the last few decades affecting 3-5 people per 1000 person/year, predominantly among the young and elderly (2, 3) . The diagnosis of pneumonia is mostly a clinical suggestion by tachypnea, fever and respiratory rales or reduced breath sounds on auscultation (4) There is a strong belief that chest X-ray (CXR) should be performed in all patients admitted with suspected pneumonia (5) because medical history and physical examination cannot provide sufficient evidence (6) . In emergency settings, however, the use of CXR may have major limitations due to patient conditions, waste of time and interobserver variability (7) .
Chest CT scan, considered the gold-standard imaging approach for pneumonia but has its own limitations: It is expensive, impractical especially in the critically-ill patients and has higher radiation exposure than CXR (8, 9) .
The use of lung ultrasound (LUS) has long been limited to the diagnosis of pleural effusions, thoracocentesis and biopsyguided procedures; however, it has recently been shown to be highly effective in evaluating pulmonary conditions such as pneumonia and pneumothorax (10, 4) .
LUS with color Doppler has become increasingly recognized as a potentially useful diagnostic approach for pneumonia (11, 12) . Also it is used to differentiate pleural from pulmonary parenchymal lesions, as their distinction is not always easy at chest radiography (13) .
Information about vascularization may be obtained by qualitative color Doppler sonography, by spectral curve analysis. (14) . Quantitative analysis of ultrasonography is an objective method that has been clinically applied to different organs but not yet to lungs (15) . In a previous recent study (16) , quantitative lung ultrasonography (QLUS) proved to be an accurate method to evaluate extravascular lung water in a model of pulmonary edema. It can be hypothesized that QLUS may also be useful for detection of pulmonary consolidations of different origins (17) .
The aim of this prospective study was to assess the role of LUS with color Doppler imaging in diagnosing pneumonia and compare its accuracy to that of CXR and CT imaging. 
Patients and methods
The study was carried on 31 adult patients admitted during the period from January 2015 to January 2016 in the pulmonary and radiodiagnosis departments of University Hospital. The study was approved by the local ethics committee.
Inclusion criteria
All included patients were adult, aged P18 years with clinical suspicion of pneumonia based on a combination of clinical data, laboratory results and chest imaging.
Exclusion criteria
Patients with clinical suspicion of adult respiratory Distress Syndrome and patients with congenital heart disease (CHD) were excluded from the study to rule out pulmonary edema secondary to heart disease. Also patients with inadequate or poor image quality were excluded. All included patients were subjected to the following:- patients were examined in the supine or sitting position, as clinically appropriate. Gray-scale ultrasound was used first to localize the whole lesion, and then a color Doppler ultrasound examination was added. Color flow imaging was helpful in characterizing the lesion by demonstrating its vascularity and flow pattern. The radiologist was unaware of the X-ray findings and examined the whole chest on both sides from the ventral aspect (on the para-sternal, midclavicular and axillary planes) and posterior aspect (on the para-vertebral and infra-scapular planes).
The perfusion of consolidated lung was classified into various degrees of central vascularity based on the qualitative assessment of the area of color flow as follows: (1) Normal perfusion (P0): defined as homogenously distributed tree-like vascularity, (2) decreased perfusion (P1): defined as less than 50% of an area with typical tree-like vascularity, and (3) poor perfusion (P2): defined as no recognizable color Doppler flow (19) .
Qualitative color Doppler sonography (CDS) was done for classification of flow direction by means of spectral curve analysis; pulmonary and bronchial arteries can be differentiated (23) as the pulmonary arterial flow pattern is triphasic and red in color while the bronchial arterial flow is monophasic and blue in color. Quantitative measurement of (1) Resistive index (RI), (2) Pulsatility index (PI) and (3) Peak systolic velocity and end diastolic velocities was performed for all Flow signals (FS) studied.
5. CT scans were done by a MDCT Machine (GE BRIGHT SPEED, 16 detectors scanner, General electric Healthcare, USA). Reconstruction parameters were 5.0 mm slice thickness and appropriate mediastinal and pulmonary windows.
The following CT signs were evaluated: (1) Area of consolidation without loss of volume, (2) a necrotic part within the consolidated area and (3) the lack of contrast enhancement after contrast injection. The severity of lung necrosis was determined by analyzing the relative ratio of the necro- tic part to the total consolidated lung area calculated using Image J, Version 1.47 (National Institute of Health, USA). This novel approach was a modification of the method for estimating the volume fraction of acute lobar nephronia (18) . Necrotic areas were categorized as mild (N1) if the ratio was less than 30%; moderate (N2) if the ratio was between 30% and 80%; and massive (N3) if the necrotic area was more than 80%.
The follow-up of patients depends on the clinical condition of each patient. But in cases of simple pneumonia, follow-up is for 10-15 days, while in complicated pneumonia more time for follow-up is recommended. Oxygen saturation measurement should also be used in the patient's follow-up and its normal range is from 95% to 100%. If the level is below 90%, it is considered low resulting in hypoxemia. If blood oxygen levels below 80%, it may compromise organ function.
Statistical methods
The collected data were coded, tabulated, and statistically analyzed using SPSS program (Statistical Package for Social Sciences) software version 20. Descriptive statistics were done for numerical data by mean, standard deviation, minimum and maximum of the range, while they were done for categorical data by number and percentage. Analyses were done for parametric quantitative variables using one way. ANOVA Chi-square test was used for qualitative data between groups.
Correlation between two quantitative variables was done by using Pearson's correlation coefficient, While correlation between qualitative ordinals variables was done using nonparametric Spearman's rho correlation coefficient.
Correlation coefficient ranges from (0-1): -weak (r = 0-0.24), fair (r = 0.25-0.49), moderate (r = 0.5-0.74), strong (r = 0.75-1).
Cross tabulation was done for estimation of sensitivity, specificity, PPV, NPV and diagnostic accuracy. The level of significance was taken at (p value 6 0.05). 
Results

Demographic data
Thirty-one adult patients were included in this study: 14 (45.2%) females and 17 (54.8%) males, and their ages ranged from 27 to 65 years with a mean ± standard deviation (SD) of 47.61 ± 12.67 years. The clinical and laboratory data of all studied patients are shown in (Table 1 ). The variable features of consolidated pneumonia by chest X-ray, CT, gray scale and color Doppler US are demonstrated in Table 2-4. On CXR, consolidation opacity was detected in 22 cases (71%), air bronchogram was seen in 20 cases (64.5), reduced lung volume was detected in 4 cases (12.9%), while pleural effusion was seen in 15 cases (48.4) and air fluid level was seen in 9 cases (29%) ( Table 2) .
On gray scale and color Doppler ultrasound, air bronchogram was identified in all cases (100%), hypoechoic lesion with cavity formation was seen in 7 cases (22.6%), and pleural involvement in form of thickening was detected in 8 cases (25.8%). Simple pleural effusion was noted in 18 cases (58.1%) while effusion with internal echoes was detected in 8 cases (25.8%). Studying the lesion perfusion revealed that normal perfusion (P0) was identified in 10 lesions (32.3%), while decreased perfusion (P1) was identified in 12 cases (38.7%) and poor perfusion (P2) was detected in 9 cases (29%) ( Table 3) .
On MDCT, opacity with air bronchogram was found in all lesions (100%), only one lobe of the lung was involved in 19 cases (61.3%), and two or more lung lobes were involved in 12 cases (38.7%). Air fluid level was noted in 9 cases (29%), pleural affection was seen in 7 cases (22.6%) while pleural effusion was seen in 14 cases (45.1%) and lung collapse was identified in 2 cases (6.5%). Regarding the severity of lung necrosis on MDCT, no necrosis (N0) was seen in 11 cases (35.5%), minimal necrosis (N1) was seen in 7 cases (22.6%), moderate necrosis was seen in 3 cases (9.7%), and 10 cases (32.3%) had severe necrosis (N3) ( Table 4) .
In diagnosis of pneumonia complicated with effusion, the sensitivity of CXR was low (60%) and diagnostic accuracy was 83.3%. It was moderate agreement with CT findings (K = 0.608). On the other hand LUS with color Doppler showed high sensitivity (100%) and specificity (93.8%) and diagnostic accuracy was 96.8%. It was almost agreement with CT findings (K = 0.93). As regards the detection of abscess with effusion by CXR the sensitivity decreased to 50% and Kappa = 0.652, while by using LUS with color Doppler, the sensitivity, the specificity, PPV, NPV and the diagnostic accuracy were high (100%). Also, it was almost agreement with CT findings (K = 1) ( Table 5) . A significant correlation was observed after evaluating the degree of perfusion impairment and the severity of necrosis (p value <0.001). The majority of our patients (67.7%) have pulmonary arterial blood supply and show a predominantly triphasic flow. Bronchial arteries reveal a monophasic flow and they were found only in 5/31 cases (16.1%). A significant changes was seen in flow pattern in comparison with severity of necrosis by CT (p value = 0.038). On the other hand, quantitative CDU values mainly, Resistive Index (RI), Pulsatile Index (PI), Peak Systolic Velocity (PSV) and End Diastolic Velocity (EDV) showed insignificant changes in different degrees of necrosis by CT (Table 6) .
A good significant correlation was noticed between Oxygen saturation (severity of hypoxemia) and the duration of hospitalization, level of perfusion by US and degree of necrosis by CT ( Table 7) . The normal range of oxygen saturation in human ranged from 95% to 100%. If the level is below 90%, it is considered low resulting in hypoxemia. If blood oxygen levels below 80%, it may compromise organ function. The average oxygen saturation in our study reached 87.03%. Hospital stay was significantly correlated with changes in perfusion by US and severity of necrosis by CT (Tables 8 and 9 ). Most of the above results were represented in Figs. 1-6. 
Discussion
In our study and according to American Thoracic Society consensus guidelines 2007 (5), pneumonia was clinically suspected on the basis of cough with expectoration which was found in almost all cases (>95%), dyspnea (12 cases (38.7%)), associated with body temperature >38°C, tachypnea >20 breaths/min (74.2% of the cases), rales or crackles on auscultation (87.1% cases), and abnormal oxygen saturation (87.03 ± 5.35).
The physical examination findings and proper auscultation have proved to be unreliable for detection of pneumonia, even in expert hands. So, the use of imaging modalities is essential (20) . During the last decade, diagnosis of pneumonia by chest CT has become more common, given the increasing numbers of CT scans performed to rule out other diseases such as pulmonary embolism (21) . In this study, the occurrence of necrotizing pneumonia was as high as 65.5% when cases were diagnosed using chest CT (22) .
In our work, the gray scale US showed features of consolidated pneumonia in nearly all patients (P90.3%) showed hepatization of lung tissue similar to appearance of the liver and air bronchogram (bright dots) with irregular and serrated margins. Reissig and Kroegel (23) reported that parenchymal criteria of Community Acquired Pneumonia (CAP) have hypoechogenicity and non-homogeneous texture. The most characteristic sign is a positive air bronchogram, which is detectable in about 70-97% of cases (23, 24) .
Michael Blaivas (25) reported that consolidation and dynamic air bronchograms (that mean monitoring the air bronchogram during respiration), have the highest specificity for diagnosis of pneumonia.
In contrast to our study, Francesco et al. (17) found that the sensitivity of LUS in identifying parenchymal consolidation was much lower than previously reported (59 versus 88-95%) (21, 26, 27) . In a previous study of critically ill patients (28) , LUS had a high accuracy in detecting consolidations due to different causes, which was explained by the fact that most of these reached the pleura. In fact, this study shows that the accuracy of LUS depends on distance from pleura and size of consolidation, confirming a very high accuracy only in case of consolidations <4 mm from pleural line.
However CT is traditionally considered as the gold standard in the evaluation of lung consolidations. It is indicated in limited number of patients admitted to hospital for suspected pneumonia, as in cases with (1) severe signs and symptoms of pneumonia, (2) Suspicion of severe complications, (3) Worsening of symptoms, (4) Discrepancy between imaging and clinical findings and (5) extensive consolidations at CXR (29) .
Pulmonary vascular morphology and hemodynamic changes in pulmonary consolidations have rarely been investigated previously. By using color Doppler US, the blood flow and perfusion in pulmonary consolidations can be easily demonstrated. Color Doppler ultrasound is the only imaging modality capable of assessing the vessels in peripheral pulmonary lesions. (30) .
In the present study, the majority of our patients (67.7%) have pulmonary arterial blood supply and show a predominantly triphasic flow. On the other hand, we noticed that bronchial arteries reveal a monophasic flow and they were found only in 5/31 cases (16.1%) in pulmonary consolidation.
Yuan et al. and Hsu WH, et al. reported that, pulmonary and bronchial artery may be differentiated. Pulmonary arteries show a tree-like pattern, their branches course centrifugally and it was found that Doppler ultrasound was excellent in demonstrating blood flow present in the pulmonary vasculature (31, 32) . In the current study, the degree of impaired perfusion was closely related to the severity of lung necrosis (p value < 0.001). A significant changes was seen also, in flow pattern in comparison with severity of necrosis by CT (p value = 0.038).
Shen-Hao Lai et al. and others reported that in contrast to enhanced CT imaging, the presence of a poorly perfused area residing within the consolidated lung tissue remains the main character of necrotizing changes. Because a consolidated lung tissue is highly conspicuous in ultrasound, LUS can easily identify tissue liquefaction after necrosis (19, 33, 34) .
Shen-Hao Lai et al. (19) noticed that in complicated NP, massive necrosis and loss of blood supply result in persistent sepsis that is unresponsive to medical treatment. Consequently, we found also, the severity of necrosis in CT imaging and impaired perfusion by LUS was closely related to longer hospitalization as P <0.001 and poor outcome as increase in severity of hypoxemia. In contrast, the absence of these LUS features, especially that of decreased-to-poor perfusion, indicates the absence of NP in patients and a more favorable clinical outcome.
Also, in this study, quantitative CDS values revealed no statistically significant differences in RI and PI values between various degrees of necrosis as the majority were triphasic flow.
In current study, by LUS hypo echoic lesion with internal echoes and no flow signal was detected in 7 cases (22.6%). In addition, empyema was seen in two cases. As regards detection of abscess with effusion, by CXR the sensitivity decreased to 50%, and Kappa = 0.652, while by using LUS with color Doppler, it was almost perfect agreement with CT findings (K = 1). These findings were similar to those of Gorg (35) . Many studies have shown lung ultrasound imaging to be more accurate than chest radiography and in some cases reaches the accuracy of computed tomography (CT), such as in the diagnosis of lung abscesses (25) .
West and Wagner noticed that by CDS, lung abscess is surrounded by the consolidated lung parenchyma, so, the air-fluid abscess may be encircled by pulmonary vasculature. In empyema the pus is collected in the pleural cavity. So, compression of the adjacent lung by empyema may cause a local reduction in blood flow (35) .
Additionally, there are some advantages to sonography that makes ultrasound to cooperate with CT scanning in differentiating lung abscess from empyema. First, ultrasound is performed in real time. Second, the device is portable and is easy to use; diagnostic and therapeutic procedures can be performed at bedside for patients who are critically ill (36) . Third, color Doppler ultrasound is the only imaging modality capable of assessing the vasculatures in peripheral lung abscess.
Conclusion
LUS with color Doppler imaging is a valid alternative in the diagnosis of pneumonia in adults. It has good sensitivity and specificity and reduces the need for CT. Moreover, it helps in identifying necrotizing changes and predicting poor outcome. The presence of pulmonary arteries flow pattern is an indicative of good outcome. So, we recommend the routine application of LUS with color Doppler in adults with severe pneumonia especially in pregnant, bedridden and patients with renal failure (no need for I/V contrast). 
